1. Introduction {#sec1-ijms-20-00567}
===============

Pancreatic ductal adenocarcinoma (PDAC) is the seventh deadliest cancer worldwide \[[@B1-ijms-20-00567],[@B2-ijms-20-00567]\]. Even though pancreatic cancer is only the twelfth most common cancer \[[@B1-ijms-20-00567],[@B3-ijms-20-00567]\], nearly 460,000 new cases and 430,000 pancreatic cancer-related deaths are estimated per year worldwide \[[@B1-ijms-20-00567],[@B2-ijms-20-00567]\], and numbers that are expected to almost double by 2040 \[[@B1-ijms-20-00567]\]. In fact, PDAC patients face the devastating reality of a five-year survival rate of 8% \[[@B4-ijms-20-00567],[@B5-ijms-20-00567],[@B6-ijms-20-00567]\]. This alarming scenario is attributed to an often late-stage diagnosis, high metastatic potential, and poor response to the currently available treatments \[[@B3-ijms-20-00567],[@B7-ijms-20-00567],[@B8-ijms-20-00567]\]. Surgical resection of the tumor is still the only hope for these patients to achieve a long-term survival. However, only 20% of PDAC patients present resectable tumors as a consequence of a diagnosis at advanced stages of the disease \[[@B8-ijms-20-00567]\]. Furthermore, a high percentage of patients that undergo surgical resection suffer recurrence \[[@B9-ijms-20-00567]\], which results in death within two years \[[@B10-ijms-20-00567],[@B11-ijms-20-00567]\]. The chemotherapeutics currently considered as standard of care in PDAC include gemcitabine, that can be administrated alone or in combination with the therapeutic protocol FOLFIRINOX (i.e., a combination of the drugs eucovorin, 5-fluorouracil, irinotecan, and oxaliplatin), and ABRAXANE (albumin-bound paclitaxel, also known as nab-Paclitaxel). Even though these lead to some degree of improvement in the survival of patients, it is debatable whether such benefits include gain in the patients' quality of life \[[@B8-ijms-20-00567]\].

PDAC is characterized by the presence of an immunosuppressive environment \[[@B12-ijms-20-00567]\]. Several studies have made contributions to a better understanding of the immune landscape of this tumor, but much is still open for clarification. Clark et al. \[[@B13-ijms-20-00567]\] showed that immunosuppressive cells (i.e., regulatory T cells (TReg cells), tumor-associated macrophages, and myeloid-derived suppressor cells (MDSCs)) are widely present in the early stages of the disease. The development of specific inhibitors of this immunosuppressive response has the potential to bring great improvements for PDAC patients. With the objective of stimulating an immune response against PDAC cells, different types of vaccines and other immunotherapy drugs are under study \[[@B12-ijms-20-00567],[@B14-ijms-20-00567]\]. However, immunotherapy has thus far revealed to be unsuccessful in PDAC patients, when using monoclonal antibodies against CTLA4 and PD-L1 \[[@B15-ijms-20-00567],[@B16-ijms-20-00567],[@B17-ijms-20-00567],[@B18-ijms-20-00567]\], which achieved remarkable results on other solid tumors \[[@B19-ijms-20-00567]\]. Recent efforts have focused on the combination of these immune checkpoint therapies with various treatment approaches, including commonly used chemotherapy drugs and anti-cancer vaccines \[[@B20-ijms-20-00567]\].

Exosomes, which are small endosomal-derived vesicles of 30--150 nm that are secreted by most cells to the extracellular space, can enter the blood stream and travel to distant organs and tissues \[[@B21-ijms-20-00567],[@B22-ijms-20-00567]\]. Exosomes carry proteins, lipids, RNA, and DNA and function as mediators of cell--cell communication \[[@B21-ijms-20-00567],[@B22-ijms-20-00567],[@B23-ijms-20-00567],[@B24-ijms-20-00567]\]. The past years have seen little to no advances in the development of new and more effective treatments for PDAC patients. Recently, exosomes were uncovered as potential tools for the delivery of chemotherapy, antigens, and immunotherapy drugs to cancer cells \[[@B25-ijms-20-00567],[@B26-ijms-20-00567],[@B27-ijms-20-00567]\]. With this review, we aim to highlight the potential of using exosomes to stimulate the immune system of PDAC patients. We describe the known functions of pancreatic cancer exosomes in immunosuppression, and point out how PDAC patients can benefit from this approach to trigger the elimination of pancreatic cancer cells by immune cells.

2. Biogenesis of Exosomes {#sec2-ijms-20-00567}
=========================

Exosomes were first described in 1983 \[[@B28-ijms-20-00567]\] when Pan and Johnstone reported that reticulocytes release transferrin receptors (TFR) through small vesicles into the extracellular environment. It was then suggested that this process was necessary for reticulocytes to dispose of this transmembrane receptor during their maturation. This opened a whole new world of possibilities regarding the way cells communicate with each other to induce changes in distant cells. In fact, the rapid evolution of the field of exosomes biology and the discovery of several pathways and phenotype changes that are regulated by intercellular communication via exosomes have encouraged researchers to explore exosomes as tools for the treatment of human diseases, including cancer. Exosomes are defined as small extracellular vesicles of endosomal origin, whose size falls between 30 and 150 nm. These vesicles carry diverse cellular contents that mirror the cell of origin, including proteins, lipids, miRNA, mRNA, and DNA \[[@B29-ijms-20-00567],[@B30-ijms-20-00567]\]. Therefore, it has become evident that cancer-derived exosomes are useful for the diagnosis and prognosis of cancer, allowing to indirectly access the mutational profile \[[@B31-ijms-20-00567],[@B32-ijms-20-00567]\] as well as mRNA, microRNA and protein expression patterns of cancer cells \[[@B33-ijms-20-00567],[@B34-ijms-20-00567]\]. Exosomes are released by most cell types into the extracellular environment, being able to either target neighbor cells or travel to distant organs and tissues. Exosomes then enter a recipient cell and release their cargo to regulate protein expression and diverse signaling pathways \[[@B21-ijms-20-00567],[@B22-ijms-20-00567]\]. In addition to their cargo, exosomes also express specific sets of adhesion molecules, integrins, and tetraspanins on their surface, which seem to regulate exosomes uptake by specific target cells by interacting with transmembrane receptors and ligands \[[@B35-ijms-20-00567],[@B36-ijms-20-00567],[@B37-ijms-20-00567],[@B38-ijms-20-00567]\]. Some of these proteins are also involved in exosomes biogenesis \[[@B21-ijms-20-00567]\], a process that will be further described below.

Exosomes are distinguished from other extracellular vesicles not only because of their small size and distinct composition, but most importantly due to their biogenesis \[[@B39-ijms-20-00567]\]. Exosomes biogenesis begins with the formation of endosomes by endocytosis. This process consists of the inward invagination of the plasma membrane followed by vesicle scission to form early endosomes. When inside the cell, intraluminal vesicles (ILVs) are formed within the lumen of these endosomes through several inward invaginations of their membrane. These mature, ILV-containing endosomes are known as multivesicular bodies (MVBs). The subsequent fusion of MVBs with the cell's plasma membrane results in the release of the mature ILVs (i.e., exosomes) into the extracellular space \[[@B40-ijms-20-00567]\]. During the MVBs' journey through the cells cytosol until they fuse with the plasma membrane, specific endosomal proteins and other cellular contents are sorted into ILVs. Both the invagination of the endosomal membrane to form ILVs, and this process of differential sorting of endosomal and cellular contents into exosomes, are mainly controlled by the endosomal sorting complexes required for transport (ESCRT), which include ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III \[[@B41-ijms-20-00567],[@B42-ijms-20-00567],[@B43-ijms-20-00567]\]. In fact, studies have shown that the inhibition of ESCRT complex constituents, such as hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) from ESCRT-0 and tumor susceptibility gene 101 (TSG101) from ESCRT-I, can significantly decrease the release of exosomes \[[@B44-ijms-20-00567],[@B45-ijms-20-00567],[@B46-ijms-20-00567]\]. However, exosomes are still formed when the ESCRT-dependent pathway is abrogated, suggesting that the sorting of exosomal cargo is also performed through ESCRT-independent pathways \[[@B47-ijms-20-00567]\]. ESCRT-independent pathways involve lipids, tetraspanins, or heat shock proteins (Hsp) that have been found enriched in exosomes. The sphingolipid ceramide seems to be involved in ILV formation and the blocking of ceramide biogenesis leads to a decrease in exosomes secretion \[[@B48-ijms-20-00567]\]. Cargo sorting is intrinsically linked to tetraspanins, such as CD63 and CD81 (exosomal markers), which have been shown to regulate protein sorting into ILVs \[[@B49-ijms-20-00567],[@B50-ijms-20-00567]\]. Tspan8 was also shown to regulate the sorting of specific proteins and mRNA into exosomes \[[@B51-ijms-20-00567]\]. In maturing reticulocytes, the loading of TFR into exosomes is dependent on its interaction with heat shock cognate 70 (Hsc70) and Alix proteins \[[@B52-ijms-20-00567]\]. Proteins of the Rab family of GTPases have also been implicated in exosomes biogenesis and MVB transport through the cytosol and, more importantly, exosomes release into the extracellular environment. Some examples of Rab proteins involved in these processes are Rab7, Rab11, Rab27a, Rab27b, and Rab35. Rab11 and Rab35 have a closer association with the early stages of ILV formation and cargo sorting, whereas Rab7 and Rab27a/b are associated with late endosomes \[[@B43-ijms-20-00567]\]. Targeting some of these proteins involved in exosomes biogenesis and secretion can be potentially useful for the inhibition of the communication between cancer cells and other cells. The consequent downregulation of cancer exosomes production and release could block the trigger of an immunosuppressive microenvironment by cancer cells via exosomes and the establishment of a metastatic niche on distant organs. The potential use of this strategy for the treatment of cancer is extensively discussed in Bastos et al. \[[@B53-ijms-20-00567]\].

3. Cancer Exosomes and Immune Response in PDAC {#sec3-ijms-20-00567}
==============================================

Over the past years, the spark of interest about exosomes and their roles in cancer has escalated exponentially. As summarized in [Table 1](#ijms-20-00567-t001){ref-type="table"}, exosomes participate in key processes during tumor progression, including the important step of metastasis. The use of exosomes as nanocarriers of immunotherapeutic agents for the treatment of cancer was proposed based on the increasing evidence of their involvement in the activation or suppression of immune responses in several cancers, including pancreatic cancer ([Table 1](#ijms-20-00567-t001){ref-type="table"}) \[[@B54-ijms-20-00567]\]. In vitro studies showed that Hsp70-positive pancreatic cancer cells secrete exosomes containing high levels of Hsp70/Bag-4, which enhance the migration and cytolytic activity of natural killer (NK) cells towards Hsp70-positive cancer cells \[[@B55-ijms-20-00567]\]. By contrast, most studies suggest that cancer exosomes actively trigger immunosuppressive responses in PDAC. In PDAC patients, miR-203 is found overexpressed \[[@B56-ijms-20-00567]\]. Upon treatment with miR-203-positive exosomes derived from pancreatic cancer cells, dendritic cells (DCs) downregulate toll-like receptor 4 (TLR4), tumor necrosis factor-α (TNF-α), and interleukin-12 (IL-12) expression \[[@B57-ijms-20-00567]\], which may prevent DC antigen presentation. Loss of TLR4 was shown to abrogate DCs' capacity to present tumor-specific antigens upon treatment of both mice and humans with breast cancer. In other words, TLR4 expression in DCs is essential for the induction of a sustained immune response against dying tumor cells and for the success of radiotherapy and chemotherapy approaches \[[@B58-ijms-20-00567]\]. Therefore, targeting the release of miR-203-positive exosomes in pancreatic cancer might increase the response of PDAC patients to therapy. MiR-212-3p was also found expressed in pancreatic cancer-derived exosomes, inhibiting the expression of the regulatory factor X-associated protein (RFXAP) and consequently decreasing major histocompatibility complex (MHC) class II expression when released into DCs. As a result, DCs are unable to activate CD4^+^ T cells, potentially contributing to the generation of an immunotolerant microenvironment in PDAC \[[@B59-ijms-20-00567]\]. Downregulation of miR-212-3p in pancreatic cancer cells or inhibition of the secretion of exosomes by cancer cells should be explored as therapeutic strategies to prevent the inhibition of DC antigen-presenting function by miR-212-3p and promote the activation of anti-cancer immune responses. Moreover, Basso et al. showed that conditioned medium from PDAC cells expressing SMAD4 induced an increase in the proliferation of TReg cells while decreasing the CD8^+^ T cell subpopulation \[[@B60-ijms-20-00567]\]. These findings agree with previous studies showing high accumulation of TReg cells and minimal CD8^+^ T cell infiltration in the tumor microenvironment in a PDAC mouse model \[[@B13-ijms-20-00567]\] and patients \[[@B61-ijms-20-00567]\]. In addition, the few CD8^+^ T cells that constitute the tumor immune infiltrate seem to be inactive \[[@B13-ijms-20-00567]\]. Chen et al. \[[@B62-ijms-20-00567]\] offers a possible explanation for the observed impaired infiltration of CD8^+^ T cells. In fact, Chen et al. found high levels of PD-L1-positive exosomes in the circulation of melanoma patients. PD-L1-positive exosomes are secreted by melanoma cells, spread through the circulation, and prevent the proliferation of CD8^+^ T cells as well as their infiltration in the tumor microenvironment. If the same findings apply to PDAC, they might explain the ineffectiveness of anti-PD-L1 immunotherapy and highlight the potential of blocking exosomes secretion and uptake, or even the removal of immunosuppressive exosomes from the circulation as an adjuvant therapy in cancer treatment. A recent study by Maybruck et al. \[[@B63-ijms-20-00567]\] also supports the notion that tumor exosomes induce an immunosuppressive microenvironment because exosomes derived from head and neck cancer cell lines alter CD8^+^ T cells, which adopt a suppressive phenotype and inhibit the proliferation and function of responder T cells. This effect seems to be partially driven by Galectin 1 (Gal-1), which is present in cancer exosomes derived from the Tu167 cell line \[[@B63-ijms-20-00567]\]. In corroboration, the expression of Gal-1 is increased in PDAC mice causing a reduction in T cell infiltration in the tumor microenvironment \[[@B64-ijms-20-00567]\]. Hence, it is possible that, similarly to head and neck cancer cells, PDAC tumor cells load Gal-1 into exosomes, which then results in the suppression of immune responses against the tumor cells. MDSCs and M2 macrophages are also extensively found in the PDAC microenvironment \[[@B13-ijms-20-00567],[@B61-ijms-20-00567],[@B65-ijms-20-00567]\]. The presence of M2 macrophages in the invasive front of pancreatic cancer contributed to tumor progression and lymphangiogenesis, and correlates with lymphatic metastasis \[[@B65-ijms-20-00567]\] and poor survival \[[@B61-ijms-20-00567],[@B65-ijms-20-00567],[@B66-ijms-20-00567]\]. A recent study showed that exosomes derived from pancreatic cancer cell lines cause pro-tumor phenotype changes in macrophages. The induction of this immunosuppressive phenotype in macrophages was more accentuated when macrophages were treated with the ascites-derived, highly metastatic AsPC-1 pancreatic cancer cell line. In addition, macrophages treated with AsPC-1-derived exosomes secrete increased amounts of several growth factors and cytokines which play a key role in the promotion of pancreatic cancer progression, metastasis, and angiogenesis. The secretion of prostaglandin E2 (PGE2) by the treated macrophages was also increased \[[@B67-ijms-20-00567]\]. This is especially relevant as PGE2 can inhibit the maturation of dendritic cells as well as their infiltration in kidney cancer and consequently prevent CD8^+^ T cells activation \[[@B68-ijms-20-00567]\]. PGE2 present on lung cancer cell-conditioned medium has also been shown to induce TReg cells differentiation and activation, thus promoting TReg cells' suppressive function \[[@B69-ijms-20-00567]\]. If extrapolated to PDAC, these findings mean that the effects of pancreatic cancer exosomes on macrophages could contribute to the establishment of the immunosuppressive microenvironment in PDAC. MDSCs are also heavily present in the pancreatic cancer microenvironment and greatly contribute to the maintenance of an immunosuppressive microenvironment \[[@B13-ijms-20-00567],[@B61-ijms-20-00567]\]. Wang et al. showed that exosomes derived from human pancreatic cancer cells have the capacity to induce differentiation of myeloid cells towards MDSCs in vivo \[[@B70-ijms-20-00567]\]. The mechanisms behind the observed infiltration of MDSCs \[[@B13-ijms-20-00567],[@B61-ijms-20-00567]\] in PDAC are also under study. Incubation of human peripheral blood mononuclear cells with exosomes derived from BxPC3 pancreatic cancer cells leads to an increase in the population of MDSCs and a decrease in DCs. Although these effects seem to be independent of Smad4 expression, exosomes from BxPC3 cells that lack Smad4 prompted more effectively myeloid cells to acquire an immunosuppressive phenotype, which is characterized by increased calcium flux and glycolysis. In fact, BxPC3-Smad4^+^-derived exosomes contain hsa-miR-494-3p and glycolytic enzymes which are transferred into myeloid cells to regulate calcium flux and glycolysis \[[@B60-ijms-20-00567]\].

PDAC is characterized by its high metastatic potential \[[@B3-ijms-20-00567]\], which might be potentiated by cancer exosomes. Due to their ability to enter the circulation, tumor-derived exosomes can travel to distant organs and modulate their environment, turning an otherwise hostile environment, which would hinder tumor cell adhesion and thrive, into a permissive niche. Pancreatic cancer-derived exosomes localize mainly to the lungs and liver, which are markedly regulated by the presence of specific exosomal integrins \[[@B71-ijms-20-00567]\]. Exosomes expressing integrin alpha 6/beta 4 (ITGα6β4) and ITGα6β1 localize to the lungs, where they bind fibroblasts and epithelial cells, whereas exosomes that overexpress ITGα~v~β5 are taken up by Kupffer macrophages in the liver \[[@B71-ijms-20-00567]\]. Exosomes are then able to educate the target cells and trigger inflammatory responses and the recruitment of suppressive immune cells to promote the formation of a pre-metastatic niche \[[@B71-ijms-20-00567],[@B72-ijms-20-00567]\]. In fact, in addition to regulating the recruitment, proliferation, and activation of immune cells within the primary tumor bed, pancreatic cancer-derived exosomes have been shown to play similar roles in distant organs, promoting the recruitment of bone-marrow derived cells and the establishment of a pro-tumorigenic soil in the liver \[[@B72-ijms-20-00567],[@B73-ijms-20-00567]\]. Orthotopic pancreatic cancer models were injected with exosomes derived from Panc02-H7 cells and presented high levels of circulating MDSCs and increased infiltration of myeloid cells in the liver. Panc02-H7 exosomes also triggered the activation of Stat3 in these myeloid infiltrates \[[@B73-ijms-20-00567]\]. This may lead to the activation of the immunosuppressive function of the myeloid cells and aid in the establishment of an immunosuppressive microenvironment that is permissive and even supportive for the development of metastases \[[@B74-ijms-20-00567]\]. Nevertheless, the cascade of events behind immune tolerance at distant sites by pancreatic cancer-derived exosomes remains elusive and should be the subject of further studies.

The vast majority of the currently available data suggests an immunosuppressive role for exosomes in pancreatic cancer. Any discovery related to exosomes function and contents as well as the mechanisms explored by pancreatic cancer cells to induce an immunosuppressive microenvironment via exosomes can be groundbreaking. Efforts should be focused on determining in which way these findings are relevant for cancer therapy, and whether cancer exosomes can be targeted or altered in order to prompt the patient's own immune system to eradicate cancer cells.

4. Advantages of the Use of Exosomes in Immunotherapy {#sec4-ijms-20-00567}
=====================================================

The use of exosomes as nanocarriers of tumor-specific antigens and immunomodulatory drugs is now acknowledged as a promising approach for the treatment of cancer. Due to their endogenous origin and capacity to carry different types of molecules, including proteins, lipids, and RNA, exosomes present multiple advantages in comparison to other nanoparticles \[[@B26-ijms-20-00567],[@B87-ijms-20-00567]\]. The advantages of the use of exosomes in therapy are described below and summarized in [Figure 1](#ijms-20-00567-f001){ref-type="fig"}. One of the most encouraging advantages is the non-toxic and non-immunogenic nature of exosomes. In fact, because of their endogenous origin, we expect that exosomes would not cause serious reactions in the patients, unlike lipid-based nanocarriers (e.g., liposomes) \[[@B88-ijms-20-00567],[@B89-ijms-20-00567]\]. The liposome-associated toxicity is inherent to their synthetic nature and polymer core. Hence, liposomes are recognized as foreign and can trigger an anaphylactic reaction that is characterized by a strong innate immune response \[[@B90-ijms-20-00567],[@B91-ijms-20-00567]\]. In addition, exosomes are naturally secreted by most cells within our organism \[[@B92-ijms-20-00567]\]. By exploring the use of a patient's own healthy cells for the production of exosomes to be used in cancer treatment ([Figure 2](#ijms-20-00567-f002){ref-type="fig"}), it would be possible to avoid adverse immune reactions to the carriers \[[@B93-ijms-20-00567]\]. Furthermore, exosomes have been reported to avoid phagocytosis by circulating macrophages and monocytes via CD47. Moreover, exosomes show higher efficacy than liposomes in delivering RNAi molecules targeting KRAS^G12D^ to pancreatic cancer cells in vivo, which was in part facilitated by the CD47 protective function \[[@B25-ijms-20-00567]\]. Exosomes also shield and enhance the stability and bioavailability of their contents (specially RNA molecules) that otherwise would be rapidly degraded when passing through the circulation \[[@B94-ijms-20-00567],[@B95-ijms-20-00567],[@B96-ijms-20-00567]\]. On the other hand, exosomes' small size enables them to penetrate through natural barriers, including the blood--brain barrier \[[@B97-ijms-20-00567],[@B98-ijms-20-00567]\], and reach deep within tissues \[[@B99-ijms-20-00567]\]. Exosomes are taken up by specific target cells, a process that seems to be regulated by the presence of specific adhesion molecules, integrins, and tetraspanins on the exosomes' surface \[[@B35-ijms-20-00567],[@B36-ijms-20-00567],[@B37-ijms-20-00567],[@B38-ijms-20-00567]\]. For instance, exosomes derived from Tspan8-expressing cells are preferentially taken up by CD54^+^ pancreas and endothelial cells \[[@B38-ijms-20-00567]\]. Hence, future exosomes-based therapy can take advantage of the characteristic to target specific cells. However, this trait also indicates that the use of exosomes as carriers of immunomodulatory drugs should not be taken lightly. Minor variations in exosomal surface proteins can alter exosomes specificity, and a broad knowledge of exosomes biogenesis and of the target cells is necessary for the correct engineering of exosomes \[[@B38-ijms-20-00567]\]. The expression of specific proteins on the surface of exosomes can be controlled by upregulating these proteins in the cells of origin \[[@B38-ijms-20-00567],[@B100-ijms-20-00567]\]. Targeting of the tumor cells can also be improved by anchoring superparamagnetic nanoparticles to exosomes, which are "guided" towards the tumor by moderate magnetic fields \[[@B101-ijms-20-00567]\]. Upon entering the receiving cell, the exosomes' cargo is released into the cytoplasm, inducing changes in the protein expression \[[@B75-ijms-20-00567],[@B102-ijms-20-00567]\], the activation status of signaling pathways \[[@B103-ijms-20-00567]\], and the cell's phenotype \[[@B104-ijms-20-00567],[@B105-ijms-20-00567],[@B106-ijms-20-00567]\]. Furthermore, exosomes can either enter into the receiving cell via endocytosis or fuse with the plasma membrane of recipient cells which then incorporates the proteins present in the exosomal membrane \[[@B26-ijms-20-00567]\]. Exosomes are, therefore, a potentially useful tool for the delivery of immunomodulatory agents into specific target cells to block immunosuppression and/or stimulate anti-cancer immune responses. These two approaches could then be used in combination with standard chemotherapy drugs to achieve maximal elimination of pancreatic cancer cells with minimal side effects, as to allow the surgical removal of tumors otherwise inoperable and increase patients' survival.

5. Exosomes-Based Immunotherapy Approaches for the Treatment of PDAC {#sec5-ijms-20-00567}
====================================================================

Various studies have shown a relationship between cancer-derived exosomes and the modulation of immune responses in PDAC. Exosomes are also valuable and effective tools for the delivery of anti-cancer drugs and other molecules, such as RNAi against mutant KRAS, to specifically target PDAC cancer cells ([Figure 2](#ijms-20-00567-f002){ref-type="fig"}) \[[@B25-ijms-20-00567],[@B53-ijms-20-00567],[@B107-ijms-20-00567],[@B108-ijms-20-00567]\]. [Figure 3](#ijms-20-00567-f003){ref-type="fig"} illustrates the proposed strategies of immunomodulation via exosomes-based immunotherapy for the treatment of pancreatic cancer. In addition, blocking exosomes secretion is also considered a potential strategy for the treatment of cancer \[[@B53-ijms-20-00567]\]. Negligible efforts have been made to fully understand how exosomes can be used to indirectly target pancreatic cancer via stimulation of the immune system. Here we highlight the dual applicability of exosomes in cancer treatment and examine in detail the state-of-the-art work regarding the use of exosomes as carriers of immunotherapy, and the use of exosomes inhibitors to avoid exosomes' immunosuppressive and tumor-supportive roles. Examples of the uses of exosomes in cancer treatment are also presented in [Table 2](#ijms-20-00567-t002){ref-type="table"}. Many researchers have dedicated their efforts to find the best strategy to use exosomes as carriers of anti-cancer therapy, and to overcome the current challenges of this delivery system. Exosomes can be obtained from cell cultures or body fluids collected from the patient, modified in vitro according to their final purpose, and then administered to the same patient ([Figure 2](#ijms-20-00567-f002){ref-type="fig"}) \[[@B109-ijms-20-00567]\]. Nevertheless, the main dilemmas associated with therapeutic exosomes are the choice of the cell of origin and the modification method. Stimulation of DCs with cancer peptides for the production of DC-derived exosomes which carry specific antigens is the most well-studied option. These exosomes share DCs' ability to present specific antigens to T cells and to promote an immune response against the patients' cancer cells ([Figure 2](#ijms-20-00567-f002){ref-type="fig"} and [Figure 3](#ijms-20-00567-f003){ref-type="fig"}) \[[@B27-ijms-20-00567]\]. In fact, exosomes secreted by DCs contain MHC class I and II on their surface as well as other costimulatory molecules that promote the activation of effector T cells and NK cells. It is believed that exosomes can stimulate cytotoxic immune cells via direct MHC-mediated antigen presentation \[[@B110-ijms-20-00567],[@B111-ijms-20-00567]\]. Similar effects seem to be driven by B cell-derived exosomes, highlighting their usefulness for cancer immunotherapy \[[@B112-ijms-20-00567]\]. Even though with limited efficacy, the immune stimulatory effects of DC-derived exosomes have been confirmed in advanced non-small lung cancer patients that have been pre-treated with chemotherapy. This phase II clinical trial tested the use of DC-derived exosomes as immunotherapy. Treatment with DC-derived exosomes proved to be effective in stimulating NK cell activation and improved the patient's progression-free survival but only in a subset of patients \[[@B113-ijms-20-00567]\]. This study is a clear indicator of the suitability of using exosomes derived from antigen-presenting cells to boost immune responses against cancer; however, it also reminds us that extensive work in optimizing and standardizing protocols must be carried out before this therapeutic strategy can be used in a clinical context. Tumor-associated ascites also contain high amounts of exosomes that, when administered together with granulocyte-macrophage colony-stimulating factor (GM-CSF), have been found to stimulate T cell-driven responses against colorectal cancer cells \[[@B114-ijms-20-00567]\]. Whether PDAC-associated ascites exosomes can have the same beneficial effects remains to be seen. However, triggering T cell responses to kill cancer cells might not be enough ([Figure 3](#ijms-20-00567-f003){ref-type="fig"}). In PDAC, the immune infiltrate is mostly constituted by TReg cells \[[@B13-ijms-20-00567],[@B61-ijms-20-00567]\]. As a result, PDAC cancer cells are surrounded by an overwhelming immunosuppressive microenvironment that protects them against immune attacks. Thus, it is important to find how useful exosomes can be in the inhibition of TReg cells' suppressive function. Cancer exosomes have been reported to stimulate TReg cells' suppressive role by influencing gene expression in TReg cells \[[@B115-ijms-20-00567]\]. Exosomes derived from different tumor cell lines and that carry transforming growth factor β1 (TGF-β1) and interleukin 10 (IL-10) were able to promote CD4^+^CD25^−^ T cell differentiation into TReg cells. These tumor-derived exosomes also promoted TReg cells' proliferation and immunosuppressive function \[[@B116-ijms-20-00567]\]. Further investigation on the signals and mechanisms involved in the activation of TReg cells by tumor exosomes, specifically in the context of PDAC, can lead to the discovery of therapeutic alternatives for the regulation of TReg cell function ([Figure 2](#ijms-20-00567-f002){ref-type="fig"} and [Figure 3](#ijms-20-00567-f003){ref-type="fig"}).

Research about the use of exosomes in PDAC immunotherapy is still scarce. Nevertheless, a recent in vivo study has shown that the combination of chemotherapy drugs commonly used for PDAC treatment (i.e., all-trans retinoic acid - ATRA, sunitinib, and gemcitabine) with vaccines containing DCs loaded with pancreatic cancer-derived exosomes, efficiently inhibits the growth of metastases and prolonged mice survival \[[@B117-ijms-20-00567]\]. It was shown that these chemotherapeutic drugs alone could impair MDSC infiltration and activation. However, a higher recruitment and activation of effector T cells and better prognosis were obtained when ATRA, sunitinib, or gemcitabine was administered together with tumor exosomes-loaded DCs \[[@B117-ijms-20-00567]\]. Targeting macrophages is also a promising approach for the treatment of pancreatic cancer. Su et al. showed that exosomes derived from Panc-1 cells reprogram M1 macrophages to adopt an M2 phenotype. However, this could be reversed by treating the converted M2 macrophages with exosomes from Panc-1 cells that were transfected with miR-155 and miR-125b2. As a result, the M2 macrophages were reprogrammed back to an M1, anti-tumor phenotype \[[@B118-ijms-20-00567]\]. Therefore, bioengineering tumor exosomes to express specific miRNAs that can cause phenotypic changes in macrophages and inhibit their immunosuppressive and pro-tumor activity should be further explored. On the other hand, another study shows that macrophage-derived exosomes caused resistance to gemcitabine in mice that were injected with PDAC cells derived from a KPC mouse. In the same study, the authors show that mice deficient in Rab27a and Rab27b, treated with gemcitabine, exhibited smaller tumors than wild-type mice \[[@B81-ijms-20-00567]\]. Even though the focus of this study was not the development of exosomes-based immunotherapy, this study shows that the exosomes-mediated communication between pancreatic cancer cells and immune cells contributes to pancreatic cancer's poor prognosis and resistance to therapy. It also suggests that the combination of chemotherapeutic drugs with inhibitors of Rab27a/b or other inhibitors of exosomes secretion could lead to significant improvements in a patient's response to therapy and survival. Therefore, in addition to the use of exosomes as nanocarriers of immunomodulatory agents, it is also possible to trigger anti-cancer immune responses by inhibiting the secretion of cancer-derived exosomes and, consequently, hinder cancer cells' ability to reprogram their microenvironment and block the infiltration and activation of cytotoxic T cells. An increasing number of studies shows that the inhibition of exosomes secretion can impair tumor growth and metastasis in pancreatic cancer \[[@B80-ijms-20-00567]\] as well as other tumors \[[@B119-ijms-20-00567],[@B120-ijms-20-00567]\]. The combination of gemcitabine with the exosomes inhibitor GW4869 could also prevent chemoresistance \[[@B80-ijms-20-00567]\]. However, this approach entails the inhibition of exosomes secretion by both cancer cells and normal cells, and its use for the treatment of cancer should be carefully considered as exosomes play crucial roles in the regulation of normal biological functions. Thus, the general inhibition of exosomes secretion could have catastrophic consequences. A safer approach would be to inhibit specific proteins that are known to carry out the pro-tumorigenic and pro-metastatic functions of exosomes. For example, Hoshino et al. found that the knockdown or inhibition of ITGβ4 or ITGβ5, which are found overexpressed in pancreatic cancer-derived exosomes, was sufficient to significantly decrease the capacity of pancreatic cancer cells to form metastases in the lungs and liver, respectively \[[@B71-ijms-20-00567]\]. On the other hand, if the specific targeting of cancer-derived exosomes becomes a reality, a new set of therapeutic possibilities would arise with the potential to revolutionize the way we treat cancer. Recently, the first step in identifying compounds that are able to inhibit the secretion of exosomes by cancer cells was taken by Datta et al., which performed a quantitative high throughput screen (qHTS) of two drug libraries and were able to identify several compounds with the capacity to modulate exosomes biogenesis and secretion by C4-2B prostate cancer cells \[[@B121-ijms-20-00567]\].

To our knowledge, no other studies have been conducted using exosomes to deliver immunotherapy drugs, antigens, cytokines, or any other immunostimulatory molecules, in PDAC. We believe that exosomes-based immunotherapy is a very promising approach for the treatment of this disease that should be carefully studied. The inhibition of exosomes secretion has also been proven efficient for the treatment of cancer \[[@B53-ijms-20-00567],[@B80-ijms-20-00567]\]. Nevertheless, both of these applications present challenges, mostly related to the production of exosomes on a large scale, isolation methods, therapeutic cargo loading, and dosage \[[@B53-ijms-20-00567],[@B122-ijms-20-00567]\], as well as the possible side effects derived from blocking exosomes secretion from healthy cells \[[@B123-ijms-20-00567]\]. Additionally, the best cell source to obtain exosomes for therapeutic purposes is still debatable. We advocate the use of healthy cells isolated from the patients themselves to obtain exosomes, which can then be engineered to carry immunomodulatory molecules to specific cells. As a result, these vesicles are able to evade the immune system and safely travel through the blood stream to activate specific immune responses against cancer cells. With this review, we hope to set the stage to a better understanding of the benefits and risks of therapeutic approaches using exosomes, and finding new ways to overcome the challenges that these approaches currently face.

6. Final Remarks {#sec6-ijms-20-00567}
================

Exosomes are small vesicles of endogenous origin that mediate the communication between neighbor or even distant cells \[[@B26-ijms-20-00567]\]. Due to their stability \[[@B25-ijms-20-00567],[@B93-ijms-20-00567]\] and ability to overcome natural barriers \[[@B97-ijms-20-00567],[@B98-ijms-20-00567]\], exosomes from different origins can be found in circulation and target specific cells within distant tissues \[[@B38-ijms-20-00567],[@B99-ijms-20-00567]\]. These characteristics are what makes exosomes a suitable vehicle for cancer chemotherapy and immunotherapy drugs. Moreover, exosomes have been previously shown to participate in the stimulation of immune responses against cancer cells \[[@B55-ijms-20-00567]\] as well as in the establishment of an immunosuppressive environment \[[@B57-ijms-20-00567],[@B60-ijms-20-00567]\] commonly found associated with PDAC \[[@B13-ijms-20-00567],[@B61-ijms-20-00567]\]. Over the past few years, one of the therapeutic approaches frequently suggested for the treatment of PDAC patients combines the use of chemotherapy with inhibitors of immunosuppression and/or agents that stimulate immune cytotoxic responses against cancer cells \[[@B12-ijms-20-00567],[@B14-ijms-20-00567],[@B20-ijms-20-00567]\]. The use of exosomes in PDAC immunotherapy can mean great improvements in the survival and quality of life of PDAC patients. Currently, only two reports have focused on developing and testing exosomes-based delivery of immunomodulatory agents to tumors. One consisted of a preclinical study and focused on the administration of vaccines containing DCs that enclosed tumor-derived exosomes in order to induce T cell-driven anti-tumor immune responses. Such an approach could be combined with current chemotherapeutic drugs to achieve greater cancer cell death \[[@B117-ijms-20-00567]\]. The other showed in vitro that exosomes derived from Panc-1 cells expressing miR-155 and miR-125b2 could reprogram M2 macrophages back to an M1 phenotype, which could then impair tumor growth \[[@B118-ijms-20-00567]\]. There is still a horizon of possibilities to be explored when we consider the use of exosomes-based immunotherapies for PDAC treatment. To conclude, one can foresee that the use of exosomes in a clinical setting can revolutionize the treatment of cancer and other pathologies. It is therefore imperative to further study the role of exosomes in cancer and immune modulation and to use this knowledge for the development of new exosomes-based therapies.

The laboratory is supported by FEDER---Fundo Europeu de Desenvolvimento Regional funds through the COMPETE 2020---Operacional Programme for Competitiveness and Internationalization (POCI), Portugal 2020, and by FCT---Fundacao para a Ciencia e a Tecnologia/Ministerio da Ciencia, Tecnologia e Inovacao in the framework of the projects "Institute for Research and Innovation in Health Sciences" POCI-01-0145-FEDER-007274 and POCI-01-0145-FEDER-32189; and by Norte Portugal Regional Programme (NORTE 2020), under the PORTUGAL 2020 Partnership Agreement, through the European Regional Development Fund (ERDF), in the framework of the project NORTE- 01-0145-FEDER-000029; and Fundacao AstraZeneca 2017 FAZ Ciencia Award. SM is supported by FCT (IF/00543/2013).

S.A.M. has ownership interests (patents). No potential conflicts of interest were disclosed by the other author.

![Advantages of using exosomes in therapy. Exosomes are natural carriers of proteins, lipids, and nucleic acids, being crucial for the communication between cells. Therefore, exosomes-based therapy is a promising approach for the treatment of cancer since exosomes can carry and deliver anti-cancer and immunomodulatory drugs, tumor antigens, and siRNA molecules to specifically target cancer cells without causing serious toxic reactions. Exosomes can be produced using the patient's own cells to prevent the occurrence of an immune reaction to the carriers. Moreover, exosomes act as a shield, protecting their contents from being degraded before reaching the target cells. Their small size also enables them to penetrate through natural barriers and reach deep within tissues.](ijms-20-00567-g001){#ijms-20-00567-f001}

![Exosomes as carriers of cancer therapy. Exosomes are potential tools for the delivery of chemotherapy, antigens, and immunotherapy drugs to cancer cells. These exosomes can be isolated from the patient's own cells, bioengineered to carry specific anti-cancer drugs, tumor-specific antigens, targeting ligands, or genetic material and then administered in the form of exosome-based anti-cancer vaccines. Black arrows are indicative of the work flow for exosomes manipulation and isolation necessary for their use in cancer therapy.](ijms-20-00567-g002){#ijms-20-00567-f002}

![Exosomes in immunotherapy. In addition to exosome-mediated delivery of anti-cancer drugs to target cancer cells, exosomes can be used in immunotherapy to achieve a sustained and specific immune response against cancer cells. Exosomes can present tumor antigens to dendritic cells (DC cells) and promote DC maturation. Mature DCs can then stimulate the activation of cytotoxic T cells and natural killer (NK) cells to kill cancer cells expressing those antigens. T cells and NK cells can also be directly stimulated by exosomes. Nevertheless, tumors possess a characteristic immunosuppressive microenvironment which inhibits the infiltration and activation of T cells or NK cells and, thus, protecting cancer cells against immune attacks. Hence, the use of exosomes-based therapy to inhibit regulatory T cells (TReg cells) and block immunosuppressive signals to T cells also represents a prospective approach in cancer immunotherapy. The combination of immunostimulatory drugs with the inhibition of immunosuppression by TReg cells might be the key for the effective treatment of PDAC.](ijms-20-00567-g003){#ijms-20-00567-f003}
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###### 

Multiple roles of exosomes in cancer.

  Function in Cancer                                                                                       Specific Role                                                                             References
  -------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------
  **Help Tumor Cells to Evade the Immune System**                                                          Activate NK cells                                                                         \[[@B55-ijms-20-00567]\]
  Prevent DC antigen presentation                                                                          \[[@B57-ijms-20-00567],[@B59-ijms-20-00567]\]                                             
  Favor an immunosuppressive phenotype in macrophages                                                      \[[@B67-ijms-20-00567]\]                                                                  
  Induce differentiation of myeloid cells towards MDSCs                                                    \[[@B70-ijms-20-00567]\]                                                                  
  Induce proliferation of TReg cells                                                                       \[[@B60-ijms-20-00567]\]                                                                  
  Prevent proliferation and activation of effector T cells                                                 \[[@B62-ijms-20-00567],[@B64-ijms-20-00567]\]                                             
  **Drive Tumor Development and Progression**                                                              Induce tumor growth and transformation and inhibit cancer cell death                      \[[@B75-ijms-20-00567],[@B76-ijms-20-00567],[@B77-ijms-20-00567],[@B78-ijms-20-00567]\]
  Stimulate angiogenesis                                                                                   \[[@B51-ijms-20-00567],[@B79-ijms-20-00567]\]                                             
  Contribute to drug resistance                                                                            \[[@B80-ijms-20-00567],[@B81-ijms-20-00567]\]                                             
  Extracellular matrix remodeling                                                                          \[[@B82-ijms-20-00567],[@B83-ijms-20-00567]\]                                             
  Promote EMT                                                                                              \[[@B84-ijms-20-00567],[@B85-ijms-20-00567]\]                                             
  Induce metabolic reprograming                                                                            \[[@B86-ijms-20-00567]\]                                                                  
  **Promote metastasis**                                                                                   Educate the cells and trigger inflammatory responses at the metastatic site               \[[@B71-ijms-20-00567],[@B72-ijms-20-00567]\]
  Promote the recruitment of suppressive immune cells to promote the formation of a pre-metastatic niche   \[[@B71-ijms-20-00567],[@B72-ijms-20-00567],[@B73-ijms-20-00567],[@B74-ijms-20-00567]\]   

**Abbreviations:** dendritic cells, DCs; epithelial--mesenchymal transition, EMT; myeloid-derived suppressor cells, MDSCs; natural killer cells, NK cells; regulatory T cells, TReg cells.
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###### 

Examples of the possible uses of exosomes for the treatment of cancer.

  Treatment Options                                          Cell of Origin                                                                         Type of Modification/Effect                                                                                                                Research                                                                                                                                                                                                                                                                                           Main Findings                                                                                                                                                                                                                                                                                                                                                 Ref                                                                                                                                                                                                                                                               
  ---------------------------------------------------------- -------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------
  **Delivery of immuno-stimulatory molecules**               **Small molecules**                                                                    Reticulocytes                                                                                                                              Incubation of exosomal solution with doxorubicin                                                                                                                                                                                                                                                   Delivery of doxorubicin to tumor cells via exosomes anchored to superparamagnetic nanoparticles                                                                                                                                                                                                                                                               Doxorubicin was more effectively delivered to tumor cells via exosomes which were anchored to superparamagnetic nanoparticles; mice inoculated subcutaneously with H22 hepatocarcinoma cells presented decreased tumor growth when treated with these exosomes.   \[[@B101-ijms-20-00567]\]
  Murine macrophages (i.e., RAW 264.7 cell line)             Sonication to load paclitaxel into exosomes                                            Study the efficacy of paclitaxel for the treatment of multiple drug resistant cancers when delivered via exosomes                          Exosomes-delivered paclitaxel successfully reached tumor cells and inhibited the growth of pulmonary metastases in vivo (in mice injected via intra-tail vein with 3LL-M27 cells).                                                                                                                 \[[@B124-ijms-20-00567]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  **Antibodies and antigens**                                Monocyte-derived, IFNγ-maturated DCs                                                   Passive intracellular sorting of MHC molecules                                                                                             Presentation of cancer antigens to cytotoxic immune cells via MHC-I and MHC-II expressed on the surface of DC-derived exosomes                                                                                                                                                                     Exosomes derived from IFNγ-maturated DCs stimulate the activation of NK cells, but not T cells; such effect is sufficient to improve the rate of progression-free survival in unresectable non-small cell lung cancer patients. However, these DC-derived exosomes were only effective as maintenance immunotherapy in less than 50% of the patient cohort.   \[[@B113-ijms-20-00567]\]                                                                                                                                                                                                                                         
  Monocyte-derived, immature DCs                             Pulsing of exosomal MHC-I proteins with Mart1 via acid elution                         Presentation of cancer antigens to cytotoxic immune cells via MHC-I expressed on the surface of DC-derived exosomes                        Exosomes containing MHC-I/Mart1 complexes are able to activate CD8^+^ T cells.                                                                                                                                                                                                                     \[[@B125-ijms-20-00567]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  Mouse bone marrow-derived DCs                              Treatment of DCs with exosomes isolated from UNKC6141 murine pancreatic cancer cells   Study the activation of immune responses and survival in pancreatic cancer orthotopic mice models treated with tumor exosomes-loaded DCs   Tumor exosomes-loaded DCs were able to activate and recruit effector T cells to pancreatic cancer and improve prognosis when administered together with ATRA, sunitinib, or gemcitabine.                                                                                                           \[[@B117-ijms-20-00567]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                             HLA-DR15-positive human B cells                                                        Incubation of cells and exosomes with Hsp65 antigen or antigenic peptide.                                                                  Study whether B cell-derived exosomes are able to activate T cells via MHC-mediated presentation of Hsp65 antigen                                                                                                                                                                                  Exosomes incubated with Hsp65 or derived from the medium of B cells pre-incubated with Hsp65 were able to activate T cells.                                                                                                                                                                                                                                   \[[@B112-ijms-20-00567]\]                                                                                                                                                                                                                                         
  **siRNA and RNAi**                                         Human plasma cells                                                                     Electroporation of siRNA                                                                                                                   Delivery of siRNA against MAPK1 to monocytes and T cells                                                                                                                                                                                                                                           Electroporated exosomes are able to enter human monocytes and lymphocytes (in vitro), deliver siRNA and successfully downregulate MAPK-1 transcription.                                                                                                                                                                                                       \[[@B109-ijms-20-00567]\]                                                                                                                                                                                                                                         
  Human foreskin fibroblast cell line (i.e., BJ cell line)   Electroporation of RNAi molecules                                                      Delivery of RNAi molecules against the mutant KRAS^G12D^ to pancreatic cancer cells                                                        BJ-derived exosomes expressing RNAi against KRAS^G12D^ are able to specifically target mouse pancreatic cancer cells in vivo, diminishing the expression of KRAS^G12D^ and considerably diminishing cancer proliferation and metastasis, which resulted in an increase in mice overall survival.   \[[@B25-ijms-20-00567]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  **miRNA**                                                  Human pancreatic ductal adenocarcinoma cell line Panc-1                                Transfection of DNA plasmids for miR-155 and miR-125b2 into Panc-1 cells                                                                   Study phenotype changes on J774A.1 murine macrophages when treated with exosomes that overexpress miR-155 and miR-125b2                                                                                                                                                                            M2 macrophages treated with exosomes derived from the transfected Panc-1 cells were reprogrammed back to an M1, anti-tumor phenotype.                                                                                                                                                                                                                         \[[@B118-ijms-20-00567]\]                                                                                                                                                                                                                                         
  **Blocking exosomes biogenesis and secretion**             **GW4869**                                                                             All cells                                                                                                                                  Inhibition of exosomes biogenesis                                                                                                                                                                                                                                                                  Study the combination of gemcitabine with an inhibitor of exosomes biogenesis as a treatment option                                                                                                                                                                                                                                                           GW4869 prevented chemoresistance caused by the increased amount of exosomes released by CAFs that were exposed to gemcitabine.                                                                                                                                    \[[@B80-ijms-20-00567]\]
  **Inhibition of Rab27a**                                   4T1 murine breast cancer cells                                                         Infection with shRNA-expressing lentiviruses                                                                                               Study of the role of Rab27a in exosomes secretion as well as in breast cancer growth and metastasis.                                                                                                                                                                                               Blockade of Rab27a and, thus, of exosomes secretion decreased tumor growth and lung metastasis in mice inoculated with metastatic 4T1 cells.                                                                                                                                                                                                                  \[[@B119-ijms-20-00567]\]                                                                                                                                                                                                                                         

Abbreviations: all-trans retinoic acid, ATRA; cancer-associated fibroblasts, CAFs; dendritic cells, DC; heat shock protein 65, Hsp65; interferon, IFN; major histocompatibility complex, MHC; mitogen-activated protein kinase 1, MAPK-1; natural killer, NK.
